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I. INTRODUCTION
States of water frozen at ambient or lower pressures have an obvious role in the occurrence of natural and biological phenomena in different regions of the Earth and its atmosphere. Under most conditions, water freezes to hexagonal ice, ice Ih (space group P6 3 /mmc), but under certain laboratory conditions it can freeze to produce cubic ice (space group Fd3m). [1] [2] [3] [4] [5] In nature, freezing of supercooled water droplets is known to produce crystals of cubic ice in cirrus clouds [6] [7] [8] and formation of small crystals of cubic ice in the troposphere and the stratosphere produces certain less frequently observed natural phenomena. 9, 10 Cubic ice, which is mechanically isotropic, also tends to form smaller crystals in comparison with ice Ih, and therefore its formation is considered to prevent freeze-damage to natural and synthetic materials in industrial processes that require cooling to low temperatures.
Historically, papers reporting that a new phase of ice forms on cooling water or its vapors at ambient pressure have appeared since 1896. [11] [12] [13] [14] In 1943, König 15 determined the crystal structure by using X-ray diffraction from an ice made by water vapor-deposition on a cold substrate, and he found that the diffraction pattern of the deposited ice belongs a) Electronic mail: joharig@mcmaster.ca to cubic-symmetry. He named the vapor deposited ice as cubic ice. 15 Whalley and coworkers later made cubic ice by recovering the high pressure crystalline phases of ices, namely, ice II, [16] [17] [18] ice III, 16, 17, 19 and ice V 16, 17 at 1 bar pressure and ∼77 K, and then heating it ex situ, at 1 bar pressure, i.e., outside their conditions of stability. They named it ice Ic. 16, 17 Ice Ic has been made by vapor-deposition on a substrate kept usually at 77 K 15,20,21 and it has also been made by heating the amorphous solid water that was formed by vapor-deposition. 21 In 1984, it was found that ice Ic forms also when the high-density amorph, HDA, produced by collapsing ice Ih 22 or ice Ic 23 at ∼1 GPa pressure was heated at pressures at 0.1-50 MPa range. The heating transformed HDA to the lowest density amorph, LDA, which then transformed to ice Ic. In 1987, it was reported that ice Ic forms when aqueous solutions of LiCl 24 and of glycerol 25 were cooled or cold-crystallized on heating, and when 3-5 µm size droplets of water in an aerosol were deposited on a copper plate kept at ∼190 K. 1 The latter procedure produced glassy water when the substrate was kept at ∼77 K. 2 This glassy water became ultraviscous liquid when heated to a temperature above 148 K, which then crystallized to ice Ic. 2 Later studies 26 showed that LDA also became ultraviscous liquid before crystallizing to ice Ic. Methods used to produce ice Ic until the year 2005 were described in the context of interfacial energy and enthalpy, and the conditions of ice Ic-ice Ih phase inversion. 27 Since 2005, a variety of other methods have produced ice Ic. These are: (a) cooling at 10-30 K min −1 of smaller than 0.9 µm size droplets dispersed in emulsions (water, lanolin, and mineral oil) to a temperature T below 240 K, 8, 28 and (b) decomposing ice clathrates. [29] [30] [31] Kuhs et al. 31 provided a chart of the different routes by which ice Ic has been made (Fig. 2 , Ref. 31 ), (i) by vapor deposition, (ii) by warming of amorphous ices, (iii) by freezing of confined water, of emulsified water, gels, aqueous solutions of electrolytes and nonelectrolytes, and hyperquenching of µm-size water droplets, (iv) by ex-situ warming of high pressure ices, II, III or IX, IV, 32 V, and VIII 33 and XII, 34 recovered at ambient pressure, and, (v) by decomposition of CO 2 and CH 4 gas clathrate hydrates. 35 (See also Table I, Ref. 36 for a summary of the diffraction data of cubic and hexagonal ices formed by different methods.) In a discussion of the transformations of the so-called ice Ic, Kuhs et al. wrote: 35 "It was noticed early on 14 that the diffraction patterns for ice Ic obtained from different starting materials were different. These differences were explained by Kuhs et al. 15 in terms of various degrees of stacking faulting for ice Ic from different origins. The faults were identified as deformation stacking faults, which in diffraction experiments lead to the appearance of broad reflections at Bragg angles typical for ice Ih as well as to high-and/or low-angle shoulders on the Bragg peaks at genuine ice Ic positions. 15 The width of the cubic reflections was used to estimate the particle size of ice Ic produced from ice II as 160 Å. Stacking faults in ice Ih and their creation by rapid temperature changes were also described by other authors." 16 (References 14-16 in the quoted text are here Refs. 18, 37, and 45, respectively, the last being the cit. to Lattice Defects in ice Crystals, X-ray Topographic observations.)
Kuhs et al. 37 found several unexpected features in the neutron diffraction spectra of ice Ic made by heating ice II at 1 bar pressure: (i) There was a small peak at the position where the (100) reflection peak of ice Ih is found, 38, 39 (ii) the (111) reflection peak of cubic ice was unusually broadened, and (iii) there was a significant difference between the relative intensities of the observed peaks from those calculated for the ideal structures of ice Ih (space group P6 3 /mmc) and of ice Ic (space group Fd3m). [38] [39] [40] (The unit cells of ices Ih and Ic are illustrated in Fig. 1 inset here.) After providing comprehensive details of the previous studies, Kuhs et al. 37 concluded that ice Ic contains congruent, interlaced sequences of ice Ih, like stacking faults. The three diffraction features attributed to stacking disorder in cubic ice were found to be only qualitatively similar among the samples of the cubic ices that were made by vapor-deposition, by crystallizing emulsified water droplets, and by decomposing ice clathrates by heating at different pressures, 35 and some high pressure ices by heating at ambient pressure. To state precisely, they differ in details of the relative intensities and broadening of the diffraction peaks. Some of these differences arise from the stacking disorder introduced by their preparation method and some probably from thermal or mechanical treatment of the ice samples after they were made.
It should be pointed out that occurrence of stacking faults has been known as general phenomena in the studies of crystal structures and physical properties of metals. [41] [42] [43] In 1952, Paterson 43 had described these faults as follows: "When a crystalline lattice is conceived in terms of the stacking of sequences in a well-defined manner, any error in the regular sequence of the sequences is known as a stacking "fault," "mistake," or "disorder." From x-ray diffraction studies, it is known that stacking faults may arise in the growth of crystals with well-developed sequence structures, for example, micas, 1,2 graphite, 3 silicon carbide, 3 uranyl chloride, 4 and others. Prominent faulting can also arise during martensitic phase transformations, for example, in cobalt 5 and lithium." also described how the stacking disorder can be quantified by analysis of the X-ray diffraction data.
Returning to the stacking sequences in the ices, the facecentered cubic lattice of ideal ice Ic is ABCABCABC and the stacking sequence in the open hexagonal lattice of ideal ice Ih is ABABAB. Randomly dispersed ABABAB sequence (sequences) of ice Ih in the structure of ice Ic is known as stacking faults. (See inset in Fig. 1.) Hondoh et al. 44 studied the formation and annihilation of stacking faults in fresh ice Ih crystals grown from high purity water and they estimated the stacking fault energy as 0.31 mJ m −2 (3 × 10 −4 eV per molecule in the plane). 45 Petrenko and Whitworth 40 comprehensively discussed the formation of stacking faults by glide dislocations, and they described the related detailed work on the stacking faults by the Sapporo group. 45 We refer the reader to pp. 176-180 in Ref. 40 for description of the structure of stacking faults in ice and the methods of their observations, which include X-ray topography, the method used to study stacking faults formed by deformation of ice Ih. Kuhs et al. 37 studies of vapor-deposited ice Ic by neutron scattering and their conclusive arguments for the existence of stacking faults in ice Ic provided an entry point to almost all studies of the stacking disorder in ice I.
Murray and Bertram 8 found that when emulsions containing µm size droplets of water were formed by using a mixture of 10% surfactant (lanolin) in paraffin oil and the emulsion cooled to T < 232 K, the droplets of size less than 0.9 µm in the emulsion froze to ice Ic and droplets of size larger than ∼0.9 µm size froze to ice Ih. The X-ray diffraction features of their ice Ic corresponded to the neutron diffraction features of the ice Ic found by Kuhs et al., 37 who, 18 yr earlier, had interpreted their findings 37 in terms of the stacking faults. In particular, the X-ray and neutron diffraction features were similar in terms of the appearance of the (100) diffraction peak and symmetric and asymmetric broadening of the cubic ice peaks, prepared by other methods. 35 (See Fig. 3 and Table  I [46] [47] [48] [49] In a perspective on the stacking disorder in ice Ic with extensive citations, first Kuhs et al. 31 and then Malkin et al. 36 stressed that the ice Ic samples made by different methods show only qualitatively similar diffraction features; there are significant differences in details, as described above. These differences occur in the relative heights of the diffraction peaks and their broadness in samples prepared by different methods and studied at ambient or sub-ambient pressures. The differences appear to be related to the parent phase.
The feature attributed to stacking faults in Refs. 31 and 36 was obvious in the high-resolution data in Ref. 31 . It was, however, absent in the (perhaps low-resolution) X-ray diffraction data of ice Ic formed by heating HDA in the study by Bosio et al. 50 The need for good quality diffraction data in such a study was later stressed by Kuhs et al., 31 who wrote, "The unambiguous assignment of the degree of stacking disorder requires good-quality diffraction data. Differences with respect to ice Ih are small, in the range from 200 to 240 K, and easily unnoticed in lower-resolution, lower-quality data." Alternatively, one may suggest that in the study of Bosio et al., 50 heating of HDA produced the least hexagonal stackings as it transformed to ice Ic via LDA. Nevertheless, it seems prudent that before accepting the proposed 31, 36 non-existence of real (stacking-fault free) ice Ic, we try to understand why and how stacking faults are produced not only in the structure of ice Ic but also in the structure of other materials, 43 and what are the energetic consequences of these faults.
The diffraction feature of ice Ic that could be attributed exclusively to stacking faults is the (non-cubic) ice Ih (100) reflection peak at d-spacing of 3.86 Å, 37 the so-called stacking fault peak. They suggested 31, 36 that previous studies were most likely performed not on ice Ic, but on a structure containing stacking faults, and therefore the solid known as ice Ic is a stacking-disordered structure; ideal ice Ic may not exist. They noted, 36 (i) that the halo at ∼28
• from the Sun, observed in 1630 by Scheiner, and explained by Whalley, 9, 10 and which has been more recently photographed, 51 can be explained only by the presence of octahedral crystals of ice I, 9, 10, 52 (ii) electron micrographs have shown that a crystal of cubic symmetry lies at the center of a snow flake, 53, 54 (iii) crystals of four-fold symmetry have been occasionally found to appear in the polar stratosphere, 55 and (iv) ice formed by vapor deposition at T of ∼200 K has an apparent cubic morphology 56 (cit. 141-144 in Ref. 8) . Since a study that first gave the structure of HDA did not find the 3.86 Å peak in a well-annealed ice Ic formed by heating HDA, 50 it is possible that ideal ice Ic, i.e., without stacking faults, may exist.
It is known that crystallographic densities of ice Ic and Ih are identical, but the real densities are expected to differ by an amount that depends upon the difference between the type and population of the crystal defects present in them. Ice Ih is also mechanically anisotropic, and the crystal growth patterns of the two differ. There are also other small differences: (i) Both the infrared 58 and the Raman spectra 59 of ice Ic differ from those of ice Ih. (ii) The enthalpy of ice Ic is higher than that of ice Ih. [60] [61] [62] [63] (Ice Ic transforms to ice Ih.) (iii) The vapor pressure of ice Ic is 10.5% higher than that of ice Ih in 180-190 K range. 64 (Note that smaller size particles have a higher vapor pressure than larger size particles. So, the higher vapor pressure of ice Ic relative to ice Ih can also be partly due to the smaller size of the ice Ic crystals.) Some of these differences are intuitively expected because the structure and density generally determine a crystal allotrope's properties, and the O-O-O angles in ice Ic are tetrahedral (109.5
• ), but the O-O-O angles in ice Ih deviate from the perfect tetrahedral value, 65, 66 thereby causing the H-O-H (hydrogen bonds) in ice Ih to become slightly nonlinear. It is also known that the structure of ice Ih contains channels along the c-axis. [38] [39] [40] As early as in 1984, Kiefte et al. 52 had noted that "Ice Ic always nucleates in preference to ice Ih from a metastable phase of water below ∼200 K, and sometimes nucleates from liquid at ∼235 K."
Our interest in the subject arose on reading the perspectives of Kuhs et al. 31 and of Malkin et al. 36 on the stacking disorder in ice Ic, and the report of Hansen et al. 57 showing that the rate of irreversible conversion of ice Ic to ice Ih under isothermal conditions at 1 bar pressure is higher at higher T.
(See also Fig. 3 in Ref. 31 .) They noted that properties of ice Ic barely differ from those of ice Ih. In previous studies, we had found that a phonon scattering property, namely, the thermal conductivity, κ, of ice Ic is ∼20% less than that of ice Ih at ∼160 K, 19, [67] [68] [69] [70] which is much more than the difference in their other properties. Here, we provide data from a study of κ of ice Ic under pressure and analyze the new data and some of our previously published data. Hence, we investigate, (i) the effects of stacking disorder on κ of ice Ic, and (ii) the effects of the parent phase, the production method, and annealing of stacking disordered ice Ic on its thermal conductivity. The findings are significant for understanding the effects of this kind of disorder on both the properties of ice, and the occurrence of certain natural phenomena.
Two nomenclatures have been suggested for stacking disordered ice I. Malkin et al. 36 suggested using the abbreviation, ice I sd . This term included samples of ice Ic containing varying amounts of ice Ih sequences, as well as samples of ice Ih containing varying amounts of ice Ic sequences. In their latest review, Hansen et al. 71 extended the diffraction data analysis performed by Malkin et al. 36 On the basis of the extended analysis, they 71 suggested considering another abbreviation that may be seen as a continuum from ideal ice Ic to ideal ice Ih through a range over which the amount of stacking sequences continuously vary. These sequences are initially those of ice Ih in ice Ic 31, [35] [36] [37] and finally those of ice Ic in ice Ih. 71 Ice Ic containing hexagonal sequences is ice I c(h) , and ice Ih containing cubic sequences is I (c)h . (The stacking fault sequence is in parenthesis.) Hence, they suggested 31 "What has been called "cubic ice" for 70 yr now turns out to be arguably the most faceted ice phase in a literal and more general sense." Despite the admitted variability of sequences of one type of ice in the structure of the other type, it has been suggested that stacking disordered ice Ic be regarded as a distinct phase of ice in the trigonal crystal system, 31 a subgroup of the hexagonal crystal family, previously recognized by Hallet et al. 7 One expects that as a distinct phase, all samples of the stacking disordered ice I, regardless of the method of their preparation, thermal history, particle size, and temperature and pressure, would show not only the presence of a diffraction peak at d-spacing of 3.86 Å, but also the same ratio of intensity and of width of the d-spacing peak to the intensity and the width of all other diffraction peaks. If that is not found, then one may need to show that the differences in the details of diffraction features are due to varying amounts of the point defects, interfaces, and dislocations in the samples. Until that is done, we suggest that the nomenclature suggested by Hansen et al. 71 and by Malkin et al. 36 be maintained. For convenience, we use the subscripts as suggested in Ref. 71 This sequence would serve the purpose of treating stacking faults as a nanoscopic disorder of layered structure in a single crystal, and we use it here.
II. EXPERIMENTAL METHODS AND RESULTS
In previous studies, we used thermal conductivity as a characterizing feature of the ice polymorphs. These included studies of (i) the structural transformation of the ices under pressure, 67 (ii) the proton-ordering in the structure of ice Ih, 68 (iii) the pressure-induced amorphization by structural collapse of ice Ih 69, 70 and of Ic, 70 and, (iv) the transformation of the collapsed structures to LDA on heating. 69 The procedure for determining κ under varying conditions of pressure p and T has been described previously. 67 Briefly, we used a hot wire method in a sample of diameter 38 mm and depth 15 mm contained in a Teflon cell. There was a need to keep the solid sample under slight pressure to maintain physical contact between the solid and the hot wire while measuring its κ as a function of the temperature T. Therefore, our data were obtained by keeping the sample and the wire under a pressure of higher than 40 MPa, and this pressure was corrected for the friction between the pressure assembly and the sample. Thus, we investigated the effects of both T and p on the κ value without removing the ice I sd c(h) or ice Ih samples from the high pressure vessel in which they were made. The particle size in the samples is not known, but the samples had no voids.
To investigate the effects of the parent or precursor phase, we made the ice I Hansen et al. 57 and Malkin et al. 36 used the term "cubicity" as a quantitative measure of stacking disorder determined by fitting the X-ray and neutron diffraction features. We use a simpler term, namely, the total number of ice Ih sequences, n Ih,seq , considered as stacking faults interlaced in the total number of ice Ic sequences n Ic,seq , without considering the sequence in which each of the two types of sequences is . 69, 70 interlaced. So, the ratio χ = [n Ic,seq /(n Ic,seq + n Ih,seq )], which we use for clarity. ( χ = 0.44 in inset of Fig. 1 , χ < 0.5 when n Ic,seq < n Ih,seq , χ = 0.5 when n Ic,seq = n Ih,seq , and χ > 0.5, when n Ic,seq > n Ih,seq , i.e., stacking faults occur in ice Ic.) This ratio corresponds to cubicity, φ c , the term first used by Hansen et al. 57 and discussed in detail by Malkin et al.
28
(One has to also maintain the possibility that, because of the limited accuracy of the data and analysis, the current diffraction methods are unable to detect hexagonal sequences in ice Ic and cubic sequences in ice Ih below a certain value.) In this context, we found Paterson's conclusion instructive: 43 "However, from the microstructure of copper-silicon alloys (Barrett 1 ) it seems likely that the faults are not distributed at random but are clustered on a microscopic scale. In this case, the expressions for the intensity distribution of the broadening will not be strictly true, although qualitatively the behavior should be similar. When extreme clustering occurs, the x-ray effects can be thought of as the superposition of those for heavy-faulting and for very slight or no faulting." Computer simulations (cit. in Ref. 36) showed that clustering of fault sequences occurs in ice I sd c(h) , which seems consistent with the neutron and X-ray diffraction features. Either cubicity or χ can be used for the purpose, but we find that the term "cubicity" can be confusing when on one extreme it is used for stacking disorder from hexagonal sequences in ice Ic, as in Refs. 36 and 37, and on the other extreme, it is used for stacking disorder from cubic sequences in ice Ih.
III. DISCUSSION
A. Effects of p and T on stacking faults in ice Ic made from ice II and from HDA Fig. 1 .
The recent study of Malkin et al. 36 showed that n Ic,seq in ice I sd c(h) formed on heating ice II from 150 K to 165 K at ambient pressure depends upon the rate q at which ice II is heated. They wrote:
36 "There is a monotonic decrease in the fraction of cubic sequences with increasing heating rates, suggesting that increasing the rate of heating promotes the recrystallization of ice II to ice Ih or the transformation of cubic sequences to hexagonal sequences. Thus, cubic stacking seems to be favored kinetically." If a sample of ice II is heated and ice I sd c(h) forms at ambient pressure, increase in q leads to ice I sd c(h) samples with lower χ, or less n Ic,seq sequences and more n Ih,seq . For the highest q of 30 K min −1 , they reported (cubicity) χ = 59% and for the lowest 0.1 K min −1 and 0.5 K min −1 χ = 73% and 71%, respectively (Table IV,  Ref. 36) . Thus, for heating rates of less than 0.5 K min −1 in our study, n Ic,seq ∼ 70% just after recrystallization of ice II, unless states formed from ice II changed in a similar manner as the ice I sd c(h) states produced from ice V and IX change on heating. 71 (We further discuss this aspect later in this section.) Despite these microstructural differences, our results agree well with those of Ross et al., 19 except at the lowest T, where the lower κ we observed is attributed to the smaller grain size of our ice I sd c(h) . We now consider the ice I sd c(h) produced by heating HDA. It shows distinctly different values for κ from the samples made from ice II, up to T of 220 K. Also, the samples heated at lower p of 40 and 50 MPa, which at 1 bar pressure had been found to transform visibly via an amorphous solid (LDA) state, 16 show lower κ values than that heated at higher pressure of 70 MPa. The difference between these results must be due to a higher degree of disorder, including stacking disorder, and due to small grain sizes. These states have not been quantified in terms of cubicity or n Ic,seq . Kuhs et al. 31 have compared the neutron diffraction data of the triplet peak of ice I sd c(h) , i.e., the (100), (002), and (101) peaks of ice Ih and (111) peak of ice Ic, measured at 180 K on the highresolution powder diffractometer (λ ∼ 1.594 Å) for samples of ice I sd c(h) prepared by different methods (see Fig. S5 in Ref. 31 ). These methods were, (i) heating at ambient pressure the recovered samples of ice II, XII, IX, V, and, (ii) heating the recovered LDA that itself was produced by heating HDA. The ice I sd c(h) obtained from ice V and ice XII showed very similar peak intensities, whereas those of the ice I sd c(h) obtained by other methods differed significantly. In relevance to our study, the neutron diffraction data suggested less stacking faults in ice I sd c(h) derived from LDA via HDA than in ice I sd c(h) obtained from ice II. Thus, if the effects of the high pressures on the population of stacking faults and possibly microstructure (the large crystal sizes and lack of voids in the samples of our study) were insignificant, we could exclude the difference in the population of the stacking faults as the main reason for the difference in κ. We also note that κ of the ice I sd c(h) produced by heating HDA is as much as 20% less than κ of the ice I sd c(h) from ice II at 180 K, and that κ remains almost constant on heating. At this stage of these studies, we obtained only qualitative information about the changing microstructure on heating.
Micro-crystalline solids have generally a large contribution to energy from surfaces, known as the grain boundary energy, and deformation adds further energy by adding dislocation in microcrystals. Isothermal or heat annealing of such solids causes grain-growth and thus an irreversible decrease in the energy. Annealing of such solids, therefore, changes the electronic properties, vibrational spectra, mechanical properties, volume, energy, and entropy of the sample. Microstructural details may produce disorder at the crystal interfaces and that impedes phonon propagation, and thus decreases κ. (Microstructure refers to the crystallite size and the manner in which they are present in a polycrystalline sample, and stacking disorder to the lattice faults in the crystallites.) Among the various properties affected by annealing, the effect on κ seems to be largest. For example, κ of (mobile) electronfree micro-crystalline solids with other types of structural defects is lower than κ of its relatively defect-free single crystal. When it is heated, grain growth on thermal annealing decreases some of the defects and internal surfaces, which decreases the extent of phonon scattering and κ increases. There is usually a very small decrease in the specific heat also, with little effect on κ. Decrease of any structural fault and defect on isothermal and/or heat annealing would increase κ of ice I sd c(h) and ice Ih samples. Our findings of the magnitude of κ suggest that, in addition to stacking faults, other types of disorder are present and that the sum of all types of disorder gradually decreases on heating ice I sd c(h) . As κ remains almost constant, or increases slightly, when ice I sd c(h) made from HDA is heated in the range 150 K-220 K, it means that the increase in three phonon umklapp scattering 73 is roughly compensated by a decrease in the structural disorder. Therefore, part of the difference between κ of ice I sd c(h) and Ih may be due to their different crystal structures, and part due to stacking-disorder and other type of disorder in the samples of ice I sd c(h) . The difference between their structures may raise κ or lower it, but the difference in terms of an increased extent of a disorder always lowers κ and changes dκ/dT.
Kuhs et al. 31 established a quantitative link between the crystallite size established by diffraction and electron microscopic images of the material. With progressive annealing, the crystallite size evolved from several nanometers into the micrometer range, with isometric nature of the crystallites, but with markedly rough surfaces parallel to the stacking direction. Their studies could not include the effect of pressure, which, if it is anisotropic, would lead to deformation flaws in the sample, and hence to the possibility of formation or annihilation of stacking faults. 40, 44, 45 So, we now compare the κ of the ice I sd c(h) samples made by heating ice II under pressure. In our experiments performed on heating, κ changes with time and T. We interpret it as loss of stacking and microstructural disorders in ice I sd c(h) . Since κ of ice I sd c(h) made from ice II is 8%-11% higher than κ of ice I sd c(h) made from HDA at 200 K, the latter ice I sd c(h) is more disordered than the former, but the difference becomes less on heating. We also note that κ of ice I sd c(h) made by heating ice II to 200 K was thermally reversible at T < 200 K. 19 So, this ice I sd c(h) is stable against further loss of microstructural details and stacking disorder, Hansen et al. 57, 71 wrote that different precursors produce ice I sd c(h) with different diffraction details and annealing effects and transformation to ice Ih occurs cleanly (without retention of disorder). They made from IX, all at ambient pressure. Our samples formed by recrystallization at high p and studied at high p are compact and unlikely to contain nm-size crystallites. We also note that scanning electron micrographs of the frost of ice I sd c(h) 31 have shown that its crystallites are in the 4-200 nm size range, and they grow by at least a factor of two on annealing before transforming to ice Ih. These nm-size crystallites which are partly separated by voids 31 would have a large surface energy relative to the volume energy. This would not only increase their vapor pressure but also affect formation of stacking faults, because such faults terminate at the surface of a crystallite. The size of the crystallites of ice I sd c(h) formed on freezing emulsified droplets of 0.9 µm size at ∼231.7 K is not known, nor is it known how much do they grow on heating before transforming to ice Ih. 36 We return to discuss the κ-T plots in Fig. 1 
31,71
This indicates that at T near 140 K, a lower q converts cubic sequences to hexagonal sequences in ice I sd c(h) , or decreases n Ic,seq and χ more than a higher q. The effect of pressure on χ seems less certain, because, as in all other studies, our measurements were performed in a non-equilibrium state, where the time-temperature protocols change κ. 74 For the sample at 50 MPa, HDA to LDA transformation occurs too fast to be obvious in Fig. 1 , but the ice I sd c(h) produced has a higher κ.
Two of our ice I sd c(h) samples that were formed by heating HDA have κ values significantly different from the third sample. This difference may not be explained by different χ resulting from different q, since Malkin et al. 36 found only 2% difference in "cubicity" when q differed by a factor of five (0.1 and 0.5 K min −1 ), and q in our study differs by factor of two (0.1-0.2 K min −1 ). Also, their observed difference 36 in "cubicity" can be partly a consequence of a higher q pushing the transition to higher T. In addition to the transition temperatures for HDA and LDA being different at different p, there are other effects: (i) ice Ic in LDA seems to nucleate at a higher T than ice Ic in HDA, (ii) the mechanism of nucleation of ice Ic in these solids differs from that of nucleation in supercooled nm-size droplets in emulsions, and (iii) as shown by the authors of Refs. 31 and 36, who used diffraction methods, the micro-structures of the precursor phases, namely, ices II, V, IX, and LDA and HDA, and nm-size water droplets affect the χ values of the ice I sd c(h) .
B. Thermal conductivity, stacking disorder, pressure, and annealing effects
We now consider the effect of pressure on χ. For the usual condition in which n Ic,seq > n Ih,seq , or χ > 0.5, the net change in κ with p may be written as
If κ were to decrease with decrease in χ from its 100% value (ice Ic becoming ice I sd c(h) ), the term (∂κ/∂ χ) T would be positive. There is no evidence that χ changes or is expected to change with p. Therefore, (∂ χ/∂p) T may be 0, and the second term on RHS of Eq. (1) (Table IV, Ref. 36) , n Ic,seq or χ of our sample would be close to 70%. How the (∂κ/∂p) T value would change with change in χ is not known. But it is known that if we introduce disorder in the structure of a crystal by any means, or amorphize it, κ decreases and (∂κ/∂p) T become positive, i.e., (∂κ/∂p) T of fully disordered solid is positive. (LDA being a known exception. 70 ) In the phase diagram of high pressure phases of ice, one finds that whatever the T, p condition used, ice I sd c(h) is always produced in the stability region of another phase, and at ambient pressure it forms obviously in the domain of ice Ih. Furthermore, ice Ic and ice I sd c(h) neither melt (to produce water) nor transform reversibly to another solid. Obviously, ice Ic with or without stacking disorder is not one of the stable phases of ice under any T, P condition, and that makes it difficult to regard the stacking disordered ice I as a distinct phase.
When the applied pressure is non-hydrostatic, crystals plastically deform. The deformation increases the self-diffusion rate, but whether or not plastic deformation of the ices increases the Bjerrum defect diffusion is unknown. Also, the ice Ih surface, like the crystal surfaces in general, is known to be disordered (liquid-like) and to have higher energy than the bulk. Moreover, when water crystallizes to form fine ice Ih crystals, a detectably significant amount of liquid water persists at the grain boundaries and grain junctions of the ice Ih crystals, 74, 75 and this amount decreases at least in thermodynamic terms as T is decreased. Also, nanometer-size water droplets can coexist with cubic ice particles of about the same size at temperatures in the 150-180 K range. 76 Since κ of water is lower than that of ice, the measured κ of a polycrystalline sample of ice I sd c(h) would be lower when the crystal size is in the µm to nm range (with liquid water at grain junctions) than when crystal size is larger. Also, a decrease in the crystal sizes increases the phonon scattering from grain boundaries, and the transformation temperature of the cubic ice crystals to ice Ih, T t , would vary with their size according to the Gibbs-Thomson's equation. [77] [78] [79] Thus, κ of a microcrystalline sample and the T-range over which its κ can be measured would depend not only upon χ but also the crystal size in the µm to nm range. From the transformation exotherms, T t was found to be in the 190-220 K range. 11, 62, 80 Since T t here does not vary with the heating rate, we suggest that the 190-200 K range indicates crystal-size effect, with a corresponding effect on κ.
Experiments have shown that thermal annealing converts ice Ic sequences gradually to ice Ih sequences in ice I sd c(h) , but it does not convert ice Ih sequences to ice Ic sequences. If ice I sd c(h) of unknown χ value was heated, χ or n Ic,seq would decrease at a rate that depends upon q, T, and p. One expects that if ice I sd c(h) is a heated at a rate q up to a temperature T 1 and its energy decreases, χ would decrease to a value say χ 1 at T 1 (more ice Ic sequences convert to ice Ih sequences) and if it is then immediately cooled to say 77 K, χ 1 would become kinetically frozen. If an ice I sd c(h) sample is heated at the same q to a higher T, say T 2 , χ would decrease to χ 2 (with even more ice Ih sequences), and χ 2 would become kinetically frozen at say 77 K. In this case, χ 2 < χ 1 . Thus, samples of different χ may be made for studies by diffraction and other methods.
C. General aspects of stacking disorder in interlaced ice Ic and ice Ih sequences
Kohl et al. 81 had found that annealing of 150 K deposits for 5 min at 183 K and also for 5 min at 193 K, increased the (Xray diffractogram) stacking-fault peak height and decreased its width, thus making the stacking fault peak appear sharper, and there were corresponding changes in the exothermic feature at 190 K. They also found that the stacking-fault peak of almost the same intensity appeared for ice I sd c(h) (they used the term ice Ic with stacking faults) made by annealing hyperquenched glassy water (HGW) at 183 K, and of ice I sd c(h) made by heating the sintered state of vapor-deposited amorphous solid water (ASW). Thus, their studies indicated that, (i) the stacking fault peak is not always much less than the (111) peak, (ii) annealing increases the stacking fault peak height significantly, and, (iii) there is little difference between the stacking fault peaks of ice I sd c(h) samples made by heating HGW, and ASW. Kuhs et al. 31 found that when ice I sd c(h) produced by heating the vapor-deposited frost was annealed isothermally at 175 K, 180 K, 185 K, or 190 K (Fig. 3 in Ref. 31) , cubicity, χ, or n Ic,seq decreased with the annealing time more rapidly at a higher T than at a lower T. To compare it against the transformation of ice II to ice I sd c(h) in the study of Malkin et al., 36 when ice II was heated slowly, i.e., more time was allowed for its transformation to ice I sd c(h) , the ice I sd c(h) sample formed at 165 K had a higher χ, i.e., n Ic,seq increased. But when more time was allowed, ice I sd c(h) formed from the vapor phase to anneal isothermally at T of 175 K, 180 K, 185 K, or 190 K, χ or n Ic,seq decreased further. 31 This indicates that the mechanism of transformation from ice II to ice I sd c(h) does not include the mechanism that decreases χ of ice I sd c(h) formed on heating ice II, or that the ice II's transformation mechanism competes with the mechanism that decreases χ. Alternatively, vapordeposited ice I sd c(h) differs from the ice I sd c(h) made by heating ice II. It should be noted that ices II, 16 ice VII, 33 and XII 34 become amorphous solids on isothermal annealing or rate heating before transforming to ice I sd c(h) . Heating of such low-density amorphs converts them to ultraviscous water, which then crystallizes to ice I sd c(h) . 26 So, except for the vapor-deposited and decomposed CH 4 and CO 2 clathrate hydrates in which the particle size is on the order of tens of nm, 36 and there is no unique solid which could be given the name ice I sd in the terminology of Malkin et al. 36 Like a topologically disordered solid, there are numerous ice I sd c(h) s, each made by a different method and precursor, namely, an amorph, supercooled water, gel, aqueous solution, and vapor deposition. A slow decrease in "cubicity" from loss of cubic sequences was observed on annealing of vapor-deposited frost at 175 K; it became rapid at 185 K and a smaller, further change occurred on annealing it at 190 K (Fig. 3 ( Fig. 1) , ∼14 K higher than the T at which it transforms to ice Ih at q of 10 K/h, 60 and ∼72 K higher than T at which it begins to transform to ice Ih at q of 30 K min crystallites, and droplets of >0.9 µm size freeze to form ice Ih. The apparent upper limit of 0.9 µm droplets size for forming ice I sd c(h) indicates that the ratio of the interfacial area between the lanolin and water (and the H-bond interaction between the two) to the volume of the droplets is of relevance in forming ice I sd c(h) in emulsified droplets. In summary, we studied bulk samples of ice I sd c(h) and ice Ih, which differ from those of other studies, 8, 31, 36, 37 and our samples were heated or cooled in situ at 30 K/h, or at a lower rate, at p > 0.1 MPa. LDA transforms to ultraviscous water around 136 K and the ultraviscous water 26 Scanning electron micrographs 72, 82 have shown that morphology of the ice I sd c(h) crystallites is trigonal (space group P3m1) or pseudo-hexagonal, and pseudo-hexagonal shape cannot be taken as evidence of ice Ih. (Hallet et al. 7 had previously shown images of atmospheric ice crystals with three fold rotational symmetry. Trigonal shape ice crystals have also been found to occur over a wide range of atmospheric condition, and in troposphere and stratosphere. Cubic and hexagonal ices are regarded as polytypes. According to Guinier et al., 83 polytypes are structural modifications, and each modification may be regarded as built up by stacking sequences of (nearly) identical structure and composition differing only in their stacking sequence. Because of the multiplicity of crystals with varying fraction of hexagonal sequences, ice I sd c(h) polytype itself may have varying properties. Because of these intrinsic differences, we argue that the effect of stacking disorder may be better ascertained by studying the properties of ice I sd c(h) containing different fractions of ice Ih sequences (sequences) than by studying the difference between the properties of ice I sd c(h) and Ih, and ignoring the possibility that ideal ice Ic may exist.
Although the existence of stacking disorder in metals and its effect on a metal's properties have been known for a long time, and neutron diffraction data published by Kuhs et al. 37 demonstrated stacking disorder in vapor-deposited cubic ice in 1987, interest in the subject has grown only recently. 31, 36, 71 However, the information obtained has been almost entirely based upon the X-ray and neutron diffraction data. It is not known how the presence of stacking faults affects the lattice spacing, local strain, and hence, the energy from incoherent interfaces of small particles. 80 One expects that the arrangement of H 2 O molecules at the grain boundaries of the ice I sd c(h) crystals would be topologically disordered. Since the crystal size is already small, there would be a relatively large, time-dependent, grain boundary area whose structure would determine some of the properties of ice I sd c(h) , which may be investigated. Since disordered solids are known to be more common than the ordered solids (all crystals at T > 0 K have disorder due to the presence of point defects in their structure), it would be of interest to determine if stacking disorder could be regarded as another type of disorder different from those from the point defects.
For further studies of the effects of stacking disorder on the properties of ice I, it would be important to develop a technique for reproducibly introducing stacking faults in an ice lattice by deformation or by other methods of adding energy, and to determine if this disorder plays a role in, (i) the ordering transformation of ice Ih to ice XI, and (ii) the collapse of ice Ih and Ic at high pressures which seems to be crystal-grain size dependent. 84 Two dimensional layered structure of hydrogen bonded water molecules is often found in some crystal hydrates such as SnCl 2 · 2H 2 O (see discussion in Ref. 85) , occasionally referred to as two-dimensional protonic conductors. It may occur in mono-layers of H 2 O adsorbed on a substrate. Intercalation compounds formed by inserting ions between graphite layers may also show stacking faults of the graphite layers. It is conceivable that stacking disorder occurs in nanometer and µm size ice crystals formed on rapid cooling of biological and synthetic materials to low temperatures, and that this disorder may limit their crystal-growth. It remains to be investigated if the requirement that two crystal lattices have the same density and nearly the same energy to form stacking faults can be fulfilled by some structures formed by carbon atoms alone. We also note a recent finding that twinning and/or stacking faults may be present 86 in meteoritic-impact shock wave-produced (and also laboratory-produced) hexagonal diamond known as Lonsdaleite. They 86 observed the {113} twins and/or {111} stacking faults over a 2 nm scale by using ultra-high resolution electron microscope images. 86 Their findings seems intriguing because the density of Lonsdaleite is 3.2-3.52 g/cm 3 , [http://www.handbookofmineralogy.com/ pdfs/lonsdaleite.pdf], which is comparable to the measurable density of 3.514 g/cm 3 of (cubic) diamond. (Theoretical density of Lonsdaleite is 3.51 g/cm 3 , which is the same as the measured density of 3.514 g/cm 3 of cubic diamond. Densities of graphite and graphene, 2.09-2.23 g/cm 3 , are much less than that of Lonsdaleite.) The densities of cubic and hexagonal ice are identical within experimental errors. Also, zirconium metal exists in both the cubic and hexagonal forms, 87 whether it too forms stacking faults is yet to be studied in detail. Since stacking faults constitute a type of disorder at nanometer scale in crystals, there is need to study how the methods used for forming these crystals (from the vapor, liquid, or solid), the pressure and temperature conditions during their formation, the presence of impurities, interfaces, pressure gradients, and shear deformation affect the extent of this disorder. This is important not only for the occurrence of stacking disorder in naturally occurring cubic ice and formation of cubic ice in cryo-preserved biomaterials, but also for technologically important, natural, and manufactured materials whose properties are significantly affected by such a disorder.
